To alleviate the early thermal cracking problems, the authors advocated that the heat generation could be reduced by addition of pozzolanic filler as cement replacement and addition of inert filler as cement paste replacement. To study the effectiveness of cement replacement and cement paste replacement on reducing heat generation, a studied using pulverized fuel ash as pozzolanic filler to replace cement and limestone fines as inert filler to replace cement paste was conducted. Results proved both the strategies are effective. Depth analysis illustrate that the former strategy reduced the heat generation through decreasing the heat generation per weight of cementitious materials, while the latter method reduced the heat generation through decreasing the amount of cementitious materials.
INTRODUCTION
Chemical reaction of cement and pozzolanic material in the curing concrete will generate heat and cause the temperature of concrete significantly increase. With the restraint of thermal movement, subsequent temperature drop would induce tensile strain in concrete and may lead to early thermal crack. To alleviate this problem, many researchers and engineers tried to optimize the mix design of concrete or cement to lower the heat generation of curing concrete. In 1937, Davis et al. 1 reported that the heat generation of PFA (pulverized fuel ash) cement is lower than that of pure cement by a percentage roughly equal to one half of the percentage of cement replaced by PFA. In 1983, Lessard et al. 2 demonstrated that replacing 35% of cement by GGBS and 15% of cement by CSF (condensed silica fume) could lower the heat of hydration by 30%. In 1984, Kumar 12 showed that the reductive influence of high-volume limestone powder on the temperature rise of the massive concrete is identical to that of the high-volume fly ash.
As can be seen from the above literature, many trials to reduce the heat generation have been carried out. However, there is a lack of systematic method. To more scientifically and systematically achieve this aim, it is the authors' belief that the addition of pozzolanic filler as cement replacement and the addition of inert filler as cement paste replacement can serve as effective methods. To prove the feasibility of these two methods, a studied using PFA as pozzolanic filler to replace cement and LF as inert filler to replace cement paste was carried out, as reported herein.
MATERIALS
A 52.5N graded ordinary Portland cement, a low calcium PFA, a finely ground LF and crushed granite rock aggregates were used in this study. The coarse and fine aggregate were obtained from crushed granite rock, and have a maximum size of 20 and 5 mm, respectively. Sieve analysis verified that the grading curves of these aggregates were within the allowable limits stipulated in British Standard BS 882: 1992.
TEST METHOD
The test method employed was the same as the semi-adiabatic curing test method developed previously by the authors. 13, 14 Basically, this test method measures the temperature of the concrete specimen up to the age of 7 days, estimates the heat loss of the concrete specimen from the temperature drop after the age of 6 days when the heat generation has become insignificant, and then compensates for the heat loss to determine the adiabatic temperature rise of the concrete.
EXPERIMENTAL PROGRAM
In this study, a total of 39 concrete mixes were produced for adiabatic temperature rise and heat generation measurement. To evaluate the effect of addition of PFA as cement replacement, 21 concrete mixes with W/CM ratio varying from 0.24 to 0.48 and PFA replacement ratio varying from 0% to 40% were produced. To evaluate the effect of addition of LF as cement paste replacement, 18 concrete mixes with W/CM ratio varying from 0.35 to 0.60 and LF replacement ratio varying from 0% to 8% were produced. For all the concrete mix in this study, the fine to total aggregate ratio and paste volume to concrete volume ratio were fixed at 0.40 and 0.34, respectively.
EXPERIMENTAL RESULTS

Cement Replacement
The effect of addition of PFA as cement replacement on heat generation of curing concrete is shown in Fig. 1 . Obviously, the heat generation per unit volume decreased as the PFA replacement ratio increased. This is because the heat generated from the cement hydration is more than that from PFA pozzolanic reaction, as illustrated in the next paragraph. It is noteworthy to point out that the heat generation per unit volume first increased with the W/CM ratio until a maximum value was reached at a W/CM ratio of around 0.3 and then decreased as the W/CM ratio further increased. As the W/CM ratio increases, the degrees of hydration and pozzolanic reaction would increase. However, the cementitious materials content would decrease due to increase in water content.
To reveal the effect of addition of PFA as cement replacement on heat generation per cementitious materials, the heat generation per unit weight of cementitious materials, which is calculated by dividing the heat generation by the cementitious materials content, was plotted against the W/CM ration at different PFA replacement ratios in Fig. 2 . At all the PFA replacement ratio, the heat generation per weight of cementitious materials increased with the W/CM ratio until a maximum value was reached at a W/CM ratio of around 0.36 to 0.40 and then remained constant or decreased slightly as the W/CM ratio further increased. The increase of heat generation with increasing W/CM ratio of concretes can be attributed to the increases in degrees of hydration and pozzolanic reaction, while the decrease of heat generation with increasing W/CM ratio of concretes may be attributed to the lower pozzolanic activity of PFA at lower temperature [15] . It is evident from the results that, at the same W/CM ratio, the addition of PFA effectively lowers the heat generation per weight of cementitious materials. This proved that the effect of addition of PFA as cement replacement on decreasing the heat generation is attributed to the lower heat generation per weight of cementitious materials due to addition of PFA. 
Cement Paste Replacement
The effect of addition of LF as cement paste replacement on heat generation of curing concrete are shown in Fig. 3 . Obviously, the heat generation per unit volume decreased as the LF replacement ratio increased. This is because both the cement content and water content decreased when part of the cement paste was replaced by the LF added. To reveal the effect of addition of LF as cement paste replacement on heat generation per cementitious materials, the heat generation per unit weight of cementitious materials was plotted against the W/CM ration at different LF replacement ratios in Fig. 4 . It is evident that the heat generation per cement content increased slightly as the LF volume increased from 0% to 4% and then remained more or less constant as the LF volume further increased from 4% onwards. At all LF volumes, the heat generation per cement content increased slightly with the W/C ratio. This is because the degree of hydration increased with the W/C ratio. This showed 
DISCUSSIONS
According to the positive results obtained in this study, we can add pozzolanic filler as cement replacement or add inert filler as cement paste replacement to reduce the heat generation of curing concrete. Relatively, the latter method is more effective on the equal strength basis. This is because the decrease in the heat generation is proportionally larger than the decrease in strength for the former method, while the heat generation would be decreased and the strength might be slightly increased at the same time for the latter method. It is noteworthy to point out that the latter method requires a higher superplasticizer dosage to compensate the workability loss due to lower cement/powder ratio. Also, due to the workability concern, there is a lower limit for the amount of inert filler to replace cement paste. It is the authors' belief that a combination of these two methods may provide an even better effect. Further research along this line is recommended.
CONCLUSION
To evaluate the methods of addition of PFA as cement replacement and addition of LF as cement paste replacement on heat generation, a total of 39 concrete mixes were produced for heat generation. Test results proved that both the two methods, i.e., addition of PFA as cement replacement and addition of LF as cement paste replacement, could effectively decrease the heat generation of curing concrete. The former method is through decreasing the heat generation per weight of cementitious materials (the amount of cementitious materials is unchanged), the latter method is through decreasing the amount of cementitious materials (the heat generation per weight of cementitious materials is even higher, but the decrease in amount of cementitious materials is proportionally larger than the increase in the heat generation per weight of cementitious materials).
